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Abstract. In adult human bone, fluoride uptake is accom-
panied by an increase in apatite crystal size. This increase,
however, is not isotropic but is restricted primarily to
growth in width and/or thickness, with no measurable
change in length. In the present study, seeded growth ex-
periments were conductedin vitro to determine whether this
anisotropic effect is physicochemical in origin, i.e., a direct
result of F- selectively enhancing lateral crystal growth, or
is an indirect consequence of F--induced alterations in cel-
lular function and matrix development. The growth reac-
tions were maintained at 37°C under physiologic-like solu-
tion conditions (1.33 mmol/liter Ca2+, 1.0 mmol/liter total
phosphate, 0 or 26 mmol/liter carbonate, 270 mmol/kg os-
molality, pH 7.4) using constant-composition methods.
When new accretions accumulated to three times the initial
seed mass, the solids were collected and net crystal growth
was assessed by X-ray diffraction line broadening analysis.
The X-ray results revealed that the carbonate constituent in
our physiologic-like solutions promoted the proliferation of
new crystals at the expense of further growth of the seed
apatite. Solution F- concentrations of∼2 mmol/liter partially
offset the repressive effect that carbonate had on primary
crystal growth. Moreover, F- stimulated seed crystal growth
in the same anisotropic manner as had been observed for
adult human bone apatite, a finding that suggests that the
latter growthin vivo was the consequence, in part, of direct
F--mineral interactions.
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Fluoride’s strong affinity for the apatitic mineral phase in
skeletal tissue is the major reason why nearly all ingested
fluoride retained by the body is deposited in this tissue [1].
Fluoride concentrates for the most part in areas of bone
tissue undergoing active mineralization [2, 3] where it easily

incorporates into hydroxide (OH) lattice sites during the
nucleation and growth of the apatite crystals [4]. Because of
the structural isomorphism between fluoridated and non-
fluoridated apatites, this substitution occurs for the most
part with little alteration in mineral composition. Of the two
major lattice components, phosphate (PO4) is unaffected by
fluoride, and calcium, at most, increases only slightly [3,
5–8]. Changes in most other chemical species such as Na+,
Mg2+, and carbonate also vary only slightly if at all [8–11].

In contrast to the chemical findings, improvements in the
resolution of the X-ray diffraction profile of adult bone
mineral suggest that substantial increases in apatite crystal
size and/or lattice perfection accompany the uptake of fluo-
ride [12–14]. Corresponding reductions in mineral surface
area indicate further that the observed crystallinity changes
could be accounted for by apatite crystal growth alone [15].
Such reductions could also explain the dramatic decreases
in surface-adsorbed citrate anions, the only chemical species
whose bone levels are significantly affected by fluoride up-
take [10].

Of particular interest is the observation that these fluo-
ride-associated changes do not affect all external crystal
dimensions but instead, are restricted to increases in crystal
width and/or thickness with no measurable change in
length. This size anisotropy is most evident in bones from
adult individuals who experienced prolonged exposure to
high fluoride levels in their drinking water [13], although a
similar effect has also been reported for cortical bone apatite
of osteoporotic patients after long-term fluoride treatment
[14]. It is presently unclear whether this anisotropic fluoride
effect is physicochemical or metabolic in origin. However,
its mechanistic elucidation could be of clinical relevance as
the biomechanical quality of bone produced during fluoride
treatment for osteoporosis may in some measure be deter-
mined by the change in the textural (i.e., size/shape) prop-
erties of the mineral component [16].

In the present study, the direct physicochemical effect
that fluoride has on the texture of apatite crystals grown in
seeded physiologic-like aqueous solutions was examined in
an effort to better separate this effect from those brought
about in vivo by fluoride-induced metabolic alterations in
bone tissue.

Materials and Methods

All seeded precipitation reactions were carried out in solutions
initially 150 ml in volume, 1.33 mmol/liter in Ca2+, 1.0 mmol/liter
in total phosphate (tPO4 4 H2PO4

1− + HPO4
2− + HPO4

3−), 0 or 26
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mmol/liter in carbonate (CO3 4 HCO3
1− + CO3

2−), 0 or 0.8
mmol/liter in Mg2+, and 0–0.093 mmol/liter in F- (Table 1). The
solutions also contained 10 mmol/liter HEPES (N-[2-
hydroxyethyl]piperazine-N8-[2-ethanesulfonic acid]) and suffi-
cient KNO3 or NaCl to bring the osmolality to 270 mmol/kg. Prior
to seeding, the reaction solutions were adjusted to pH 7.4 with 0.01
mol/liter KOH and equilibrated between 36.9°C and 37.1°C for 1
hour in water-jacketed Nalgene Polypropylene vessels (Nalge Co.,
Rochester, NY) under presaturated CO2-free N2 or, for the car-
bonate experiments, under 5% CO2, 95% N2. Reagent-grade
chemicals and CO2-free, distilled-deionized water were used in all
solution preparations.

After 1 hour equilibration, each 150-ml reaction solution was
seeded with 0.1 g dried apatite crystals (0.67 g/liter). The seed
crystals were prepared by hydrolyzing freshly precipitated amor-
phous calcium phosphate for 1 hour at pH 7.4 and 37°C, as de-
scribed in detail elsewhere [17]. X-ray diffraction and chemical
analyses (described below) showed, respectively, that the apatite
was comparable to bone mineral in crystal texture (i.e., less than 50
nm) and had a Ca/P molar ratio of 1.55, a value typical for pH 7.4
preparations [18]. Such finely textured apatite was used as a seed
stock rather than well-crystallized material in order that growth
could be easily assessed quantitatively by the X-ray line broaden-
ing methods described below. These crystals were also considered
as better representing the texture of bioapatite crystals formed in
actively mineralizing bone tissue [17, 19].

After being seeded, the precipitation reactions were sustained
by the dual specific-ion electrode-controlled titration method of
Ebrahimpour et al. [20] as adapted by Ishikawa et al. [17]. Initial
solution supersaturation was maintained during the course of each
reaction by simultaneously adding equal volumes of a Ca2+ titrant
and a tPO4 titrant (Table 1) dispensed from separate motor-driven
piston burets (Metrohm 655 Dosimat, Brinkmann Instruments,
Westbury, NY) coupled in parallel electronically to a Metrohm
614 Impulsomat titrator. The latter, in turn, was controlled by a
Ca2+-ion electrode (Orion Research, Boston, MA) that maintained
this ion at its preset concentration of 1.33 mmol/liter. The reactant
concentrations (mmol/liter) in the titrant solutions were calculated
as follows:

TCa = 2(10 − x)C + 2(1.33)
TtPO4= 2(6C) + 2(1.00) + B
TOH = 2(14 − 2x)C

where (1.33) and (1.00) are the preset values (in mmol/liter) for the

solution Ca2+ and tPO4 concentrations, respectively, and C is
the mmol/l iter of precipitated apatite [Ca10−x(HPO4)x
(PO4)6−x(OH)2−x]. The value of C was set at 0.7 mmol/liter, the
molar equivalent of 0.67 g/liter of apatite used for seeding as based
on the formula Ca9H(PO4)6(OH). By setting C at this value, the
solid/solution ratio of new solids formed during the course of the
precipitation approximated the initial seed value. The B term in the
TtPO4equation is an empirically determined adjustment to the tPO4
titrant concentration to compensate for slight deviations in solid
Ca/PO4 ratios from 1.5. Also, for this reason, it was found that the
reaction pH could be better controlled at 7.40 by reducing some-
what (<5%) TOH in the tPO4 titrant solution and independently
dispensing the remainder as a 0.01 mmol/liter KOH solution from
a glass-electrode-controlled pH stat (Metrohm 702 SM Titrino).
The HEPES buffer was used to minimize transient pH fluctuations
with this arrangement [17].

In the fluoride experiments, independent control of solution F-

concentrations during seeded growth was not attempted. Instead,
NaF was added to the starting and tPO4 titrant solutions at con-
centrations equal to 0, 0.005, 0.01, 0.015, or 0.07 times the starting
and titrant Ca2+ concentrations, respectively (Table 1), i.e., starting
solution F- concentrations were 0, 6.67, 13.33, 20.0, or 93.3mmol/
liter and the corresponding titrant concentrations were 11.5 times
these values. Although overall F/Ca ratios were kept constant in
this way, corresponding solution F/Ca ratios were reduced consid-
erably from their initial values due to preferential F- uptake by the
precipitating solids (Table 2). In experiments containing Mg2+

and/or carbonate, the Mg2+ was added to the Ca2+ titrant and the
carbonate was added to PO4 titrant at twice their respective initial
solution concentrations (Table 1).

The ion activity products (IAP) of the starting solutions with
respect to dicalcium phosphate dihydrate (DCPD), octacalcium
phosphate (OCP), hydroxyapatite (OHAp), fluorapatite (FAp), and
calcium fluoride (CaF2) were calculated using the procedure of
McDowell et al. [21] and compared with the corresponding solu-
bility products for these phases [21–24]. All starting solutions were
determined to be supersaturated with respect to OHAp and OCP
but undersaturated with respect to DCPD. Fluoride-containing
starting solutions were supersaturated with respect to FAp but
undersaturated with respect to CaF2.

The status of the solution parameters was monitored at frequent
intervals during the course of each experiment by collecting 2 ml
aliquots of the reaction slurry, filtering the aliquots through 0.22
mm Millex-GS filters (Millipore Corp., Bedford, MA), and ana-
lyzing the filtrates for Ca2+, tPO4, F-, and Mg2+. Ca2+ and Mg2+

were determined by atomic absorption spectrophotometry (Model
603, Perkin Elmer, Norwalk, CT), tPO4 by the spectrophotometric
method of Murphy and Riley [25], and F- potentiometrically with
a specific ion electrode (Model 96-09 Combination F electrode,
Orion Research). The solution Ca2+ and tPO4 concentrations
stayed within 0.05 mmol/liter above or below their preset values.
After an initial 14% drop, which occurred within the first 15 min-
utes, Mg2+ concentrations stabilized at 0.69 mmol/liter ± 0.02
mmol/liter (where the number following the symbol ± is the stan-

Table 1. Composition of starting and titrant solutions

Starting solution
1.33 mmol/liter Ca(NO3)2
1.00 mmol/liter KH2PO4

10.0 mmol/liter HEPES (pH 7.4)
143.0 mmol/liter KNO3 or NaCl

(117.0 mmol/liter in carbonate experiments)
0–0.093 mmol/liter NaF (F/Ca4 0–0.07)
0 or 26 mmol/liter NaHCO3

a

Calcium titrant
15.27 mmol/liter Ca(NO3)2
10.0 mmol/liter HEPES

Phosphate titrant
10.4 mmol/liter KH2PO4

(9.5 mmol/liter in carbonate experiments)
10.0 mmol/liter HEPES
260.8 mmol/liter KNO3 or NaCl

(208.8 mmol/liter in carbonate experiments)
0–1.067 mmol/liter NaF (F/Ca4 0–0.07)
15.9 mmol/liter KOH

(14.5 mmol/liter in carbonate experiments)
0 or 52 mmol/liter NaHCO3

a

a Added as a solid shortly before start of experiment

Table 2. Total added F- and solution F- concentrations in seeded
reaction suspensions when total titrant volume equaled 3× the
initial reaction volume

F/Caa
Total Fb

(mmol/liter)
Solution F
(mmol/liter)

% Total F
in solution

0.005 30.3 <0.50 <1.65
0.010 60.6 0.85 ± 0.08 (3)c 1.40
0.015 90.9 1.14 ± 0.16 (3) 1.25
0.015 (CO3)

d 90.9 1.86 ± 0.34 (5) 2.05
0.070 424.2 23.33 ± 0.71 (3) 5.50
a Molar F/Ca ratio of starting and titrant solutions
b S [(Starting F- conc)(0.25) + (1⁄2 titrant F− conc.)(0.75)]
c Mean ± SD; values in ( )4 number of experiments
d Reaction carried out in 26 mmol/liter NaHCO3
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dard deviation, SD). Solution F- changes are described in the re-
sults.

When the total volume of titrants added during the precipitation
reaction reached 450 ml (150 ml in the Mg2+ experiments), the
slurry was vacuum filtered through 0.45mm nitrocellulose mem-
brane filters (Schleicher and Schuell BA85, Keene, NH), and the
retentate was washed with ice-cold ammoniated water and lyoph-
ilized. The lyophilized solids were analyzed chemically for Ca2+,
Mg2+, tPO4, and F-. X-ray diffraction (XRD) patterns of the solids
were recorded with a graphite-monochromatized Rigaku diffrac-
tometer (Rigaku, Danvers, MA) tuned to CuKa radiation (wave-
length 0.154 nm) generated at 35 kV and 20 mA. Because of
extensive broadening of the apatitic profile of the seed crystals,
only the 002 and 310 peaks were sufficiently resolved for quanti-
tative measurement. Fortunately, these two peaks are associated
with two mutually perpendicular crystalline dimensions, the length
(002 peak) and width/thickness (310 peak). The 002 (24.5° 2u–27°
2u, where 2u signifies the angle between the incident and dif-
fracted beams) and 310 (37.5° 2u–41.5° 2u) peaks of each sample
were recorded a minimum of five times each at a scanning speed
of 0.125°/minute (10 seconds time constant) with the intensity
values numerically digitized at 0.01° intervals using special soft-
ware developed by B. Dickens (National Institute of Standards and
Technology, Gaithersburg, MD). The angular width of each 002
diffraction peak was measured at one half the height of maximum
intensity above background and averaged. Standard deviations of
the averaged values of these half-width (HW) measurements were
less than 0.015° 2u. Since the 310 peak was partially overlapped
by the weaker (20%) 212 apatite peak, the composite profile was
averaged, then graphically matched to the sum of two Lorentzian
functions, each representing one of the two overlapping diffraction
peaks, using a nonlinear, curve-fitting software program (Peakfit
3.0, Jandel Scientific Software, San Rafael, CA). The HW value
for the 310 peak was then obtained from the corresponding fitted
Lorentzian function. For solids harvested from the F- and carbon-
ate experiments, the angular position of the Lorentzian function for
the 310 peak was observed to be consistently higher than the seed
value of 39.70° 2u. Although the shifts were slight (#0.11° 2u),
the lack of precise superpositioning of the scattered X-rays from
the new accretions and from the original seed crystals had the
effect of broadening the measured HW values. To correct for this
peak shift broadening, the Peakfit analysis was modified to graphi-
cally subtract the Lorentzian function representing the seed con-
tribution from the measured 310 peak profile. In carrying out this
subtraction, values obtained from unreacted seed material were
used for the position and HW parameters of the subtracted func-
tion. The intensity of this function was set at 0.25 the value of the
observed 310 peak. The corrected HW values were then obtained
from the Lorentzian function of the reduced 310 peak. Similar
corrections were not required for the 002 peak. Since HW values
correlate inversely with crystal size and lattice perfection [26], the
reciprocals of the HW values (1/HW) for the 002 and 310 peaks
were used to relate the X-ray data more directly to these param-
eters along the length and width/thickness of the crystals, respec-
tively. The composite ‘‘width/thickness’’ term is used to designate
the crystal direction associated with the 310 peak as this latter
direction is oblique to the lateral growth faces of apatite.

Results

Under the physiologic-like solution conditions employed in
this study, the addition of the apatite seeds initiated accre-
tion reactions whose rates were dependent in varying de-
grees on the presence of fluoride, magnesium, and/or car-
bonate ions. As shown from the total volume of added ti-
trants versus time curves in Figure 1, fluoride accelerated
the addition of titrants to the reaction solution. This accel-
eration was dose-dependent in that the time it took new
accretions to accumulate to three times the initial seed mass
progressively decreased with increased fluoride concentra-
tion (Fig. 2). Physiologic carbonate concentrations showed

a somewhat more complex behavior, initially slowing the
reaction then accelerating it so that the time it took to reach
the end point was essentially unchanged (Fig. 1). Adding F-

(F/Ca molar ratio4 0.015) to the carbonate medium, how-
ever, had the same accelerating effect on accretion as in
carbonate-free solutions, with the time it took to reach the
reaction endpoint reduced from 8.64 hours ± 0.56 hours
(SD, n4 4, where n is the number of experiments) to 6.52
hours ± 0.59 hours (SD, n4 5) (P < 0.001). Adding Mg2+

to the carbonate-containing reaction solution, on the other
hand, strongly inhibited the accretion of new solids (Fig. 1).

In all the accretion reactions, starting solution F- con-
centrations rapidly dropped following seeding (Fig. 3) to

Fig. 1. Effects of fluoride, F/Ca4 0.015 (,), carbonate, 26
mmol/liter (s), and carbonate + magnesium, 0.8 mmol/liter (.)
ions on the rate of addition of titrants in accretion reactions seeded
with apatite crystals and maintained at 1.33 mmol/liter Ca2+ and
1.0 mmol/liter tPO4 (control, d). Values shown are means of
triplicate reactions with SD shown as error bars.

Fig. 2. Effect of overall F/Ca molar ratio on the time it took to
reach the point in carbonate-free reactions at which new accretions
equaled 3× initial seed mass. Error bars indicate SD of triplicate
reactions (except n4 2 for F/Ca4 0.005).
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steady solution levels that by the time the reaction endpoint
was reached represented only a small percentage of the total
F- added (Table 2). Comparison of solid to overall F/Ca
molar ratios (Table 3) show that most of the F- ended up in
the accreted solids. Also, since solution F- concentrations
reached steady state levels within 1 hour (Fig. 3) and overall
F/Ca ratios were constant throughout the reactions, the bulk
(>80%) of the new accretions had a constant F- composi-
tion. However, even at the highest F/Ca molar ratio exam-
ined (0.07), this composition (solid F/Ca4 0.058, Table 3)
was less than one third of the theoretical F/Ca molar value
of 0.2 for fluorapatite. The Ca/PO4 molar ratio of the solids
was unaffected by F- but increased when carbonate was
added to the system (Table 3). This latter increase could be
attributed to the presence of carbonate in the accreted solids
[27–30]. Although Mg2+ significantly slowed the accretion
rate, little of this ion was taken up by the solids (Mg/Ca
molar ratio4 0.051 ± 0.016 (SD, n4 3). Likewise, the
effect of Mg2+ on F- uptake by the solids was minimal
[F/Ca4 0.011 ± 0.001 (SD, n4 3) with Mg2+ versus 0.013
± 0.001 (SD, n4 5) without Mg2+].

All solids collected at the end of the accretion experi-
ments were apatitic in structure with no other crystalline
phases detected in the X-ray diffraction patterns of the har-
vested solids. In experiments in which no F-, carbonate, or
Mg2+ was added, a threefold accretion of new solids on the
apatite seed crystals increased the reciprocal of the width at
one half the height (1/HW) of the 002 diffraction peak by
almost twice that of the 310 peak (0.80/° 2u versus 0.47/°
2u). The percent change, however, was just the reverse;
36% and 78%, respectively, when compared with the initial
seed values (Fig. 4; Table 4, bottom). These changes in
1/HW were principally the result of the accretion of new
material on the seeds and not due to the maturation of the
seed crystals themselves. Experiments were conducted in
which the seed crystals were aged for 7 hours in the same
solution milieu as used in the growth experiments, except
the Ca2+ and PO4 concentrations were adjusted to 0.40
mmol/liter and 0.25 mmol/liter, respectively, and no titrant
solutions were added. Under these conditions, there was no
net change in the seed mass and the % increase was <1.5%
for both 1/HW (002) and 1/HW (310).

The increase in 1/HW (002) brought about by the new
accretions was not appreciably affected by F- additions up
to F/Ca4 0.015, but 1/HW (310) at this latter ratio showed
a further, albeit marginal, increase (to 94.9%) (Table 4,
bottom). At F/Ca4 0.015, the 310 d-spacing also decreased
from 0.2270 nm to 0.2268 nm. At F/Ca4 0.07, increases in
both 1/HW (002) and 1/HW (310) values were smaller than
those observed in the absence of added F- (Fig. 4).

Increases in the 1/HW values of solids harvested from
accretion reactions carried out in the presence of 26 mmol/
liter solution carbonate were, at 7.5% for 1/HW (002) and
13.6% for 1/HW (310) (Table 4), considerably less pro-
nounced than those found in the absence of this anion. The
presence of carbonate also shifted the 310 d-spacing to
0.2268 nm. Furthermore, the small increase in 1/HW (002)
was not affected by F- at F/Ca4 0.015. This level of F-,
however, did partially reverse the suppressive influence that
carbonate had on 1/HW (310) values, with the % increase
becoming greater than 2.5 times that found in the absence of
F- (Table 4). The F- also further decreased the 310 d-
spacing to 0.2265 nm. Changing the background electrolyte
in the carbonate-containing experiments from KNO3 to
NaCl did not alter this anisotropic F- effect, i.e., the 1/HW
(002) increase was unchanged at 9% whereas the 1/HW
(310) increase doubled from 24% to 48% (Table 4).

Similarly, the anisotropy in 1/HW values observed with
F- was unaffected by the inclusion of 0.8 mmol/liter MgCl2
in the carbonate-containing solutions, although Mg2+ did
result in a measurable increase in 1/HW (310) independent
of the F--induced increase (Table 5). In all cases, however,
the increase in 1/HW (310) values was less than one half of
that observed in the absence of carbonate.

Discussion

The solution parameters used in this study were chosen to
closely simulate physiologic values. In particular, the Ca2+

and phosphate concentrations of 1.33 mmol/liter and 1.0
mmol/liter, respectively, fell within the range of ionic val-
ues reported for adult human serum [31]. Although IAP
calculations showed that the reaction solutions under these
conditions were supersaturated with respect to both OCP
and HAP, the composition of the solids harvested at the end
of the noncarbonated experiments were very close to that of
the original apatitic seed material (Table 3). These results
suggest that OCP could have formed as a transient interme-
diate during the course of the reactions [19] but that a non-
stoichiometric apatitic phase was the principal end product,
a not unexpected finding for apatite precipitated at pH 7.4
[18, 32, 33]. In the carbonate experiments, a substantial
increase in the Ca/PO4 molar ratio over the seed value
(Table 3), together with a contraction in the a-axis as noted
by a decrease in the 310 d-spacing, suggest that carbonate
was incorporated at lattice sites in the accreted apatite that
otherwise would have been occupied by phosphate [27–29,
34, 35]. On the other hand, F- incorporation did not affect
the Ca/PO4 molar ratios of either noncarbonated or carbon-
ated accretions. In the latter case, this suggests that F- did
not interfere with carbonate substitutions in the solids.

In contrast to its minimal effect on the chemical com-
position of the accreted solids, F- measurably enhanced the
accretion reaction in a dose-dependent manner. The rate
increases were similar to those observed by Varughese and
Moreno [36] and Aoba et al. [37] and were consistent with

Fig. 3. Changes in free solution F- concentrations with time for
accretion reactions in which overall F/Ca was maintained at 0.01
(d) and 0.015 (s) in carbonate-free solutions, and 0.015 (.) in
solutions containing 26 mmol/liter carbonate. Error bars indicate
SD of reaction points [n4 2–3 (d); n 4 3 (s); n 4 2–7 (.)].
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F- increasing the thermodynamic driving force of the reac-
tion. However, other reports [38–40] have shown that F-

concentrations comparable to the steady-state levels ob-
served in our reaction solutions reduced growth rates. Aoba
[41] suggests that these apparently contradictory findings
result from the coprecipitation of OCP and fluoridated apa-
tites. The gross precipitation rate reflects a complex, highly
solution-sensitive balance between the relative precipitation
rates of these two phases as well as with the rate at which
the OCP phase hydrolyzes to apatite. The enhanced accre-
tion rates observed under the solution conditions used in the
present study suggest that direct fluoridated apatite forma-
tion and/or accelerated OCP hydrolysis were the principal
reaction pathways when F- was added to our system.

An earlier study [17] suggests that the appreciable in-
creases in 1/HW (002) and 1/HW (310) values of solids
collected from seeded reaction experiments that were car-
ried out in the absence of added carbonate were due pri-
marily to growth of the seed crystals. Although growth in
length (002 direction) was almost twice that in width/
thickness (310 direction), the percent changes in these two
directions (Table 4) suggest that the seed crystals actually
became somewhat bulkier as they grew. Moreover, if one
assumes that the apatite crystals approximate flattened hex-
agonal prisms in shape and, therefore, their crystal volume
(Vc) is proportional to (length)(width/thickness)2, then the
growth of the seeds in the 002 and 310 directions would
fully account for the mass of new solids accreted in these

Table 3. Chemical composition of filtered solids when total titrant volume equaled 3× the
starting solution volume

F/Caa CO3
b

Ca/PO4
c

(solids)
F/PO4

c

(solids)
F/Cac

(solids)

0 − 1.500 ± 0.020 (3)d

0 + 1.690 ± 0.019 (4)
0.005 − 1.520 ± 0.005 (2) 0.006 ± 0.001 (2) 0.004 ± 0.001 (2)
0.010 − 1.512 ± 0.001 (3) 0.012 ± 0.001 (3) 0.008 ± 0.001 (3)
0.015 − 1.507 ± 0.019 (3) 0.019 ± 0.001 (3) 0.012 ± 0.001 (3)
0.015 + 1.691 ± 0.028 (5) 0.022 ± 0.001 (5) 0.013 ± 0.001 (5)
0.070 − 1.488 ± 0.050 (3) 0.089 ± 0.002 (3) 0.058 ± 0.002 (3)
Seeds − 1.554 ± 0.022 (3)
a Molar F/Ca ratio of starting and titrant solutions
b Reaction carried out in 26 mmol/liter NaHCO3 and 5% CO3/95% N2
c Molar ratio
d Mean ± SD; values in ( )4 number of experiments

Fig. 4. Bar graphs showing the 1/HW values of the 310 and 002 apatite X-ray diffraction peaks for the seed material and for solids
collected at the end of carbonate-free reactions in which overall F/Ca molar ratios were maintained constant at 0 to 0.07. Collected solids
were 75% new accretions and 25% original seed apatite by weight. SD were#0.04 for the 1/HW (310) values and#0.07 for the 1/HW
(002) values of the collected solids (n4 3 except for F/Ca4 0.005 where n4 2). Values indicated by an * were significantly different
(P < 0.05) from corresponding control (F/Ca4 0) values.
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reactions [Vc(final)/Vc(initial) 4 4.7 versus 4.0 for (seeds +
accretions)/(seeds)].

For F/Ca molar ratios#0.015, the effect of F- on the
growth of the seed crystals was marginal. The only statis-
tically significant change (P < 0.05) was a slight increase in
width/thickness at F/Ca4 0.015, possibly compensated by
a marginal decrease in length. At F/Ca4 0.07, however,
the growth in both length and width/thickness was signifi-
cantly less than in the absence of added F-. This latter result
suggests that the nucleation of new crystals competed with
the growth of seed crystals at this higher F- level. Although
the exact mechanism for generating these new crystals is not
fully understood, the most likely possibility is the formation
of dendritic-like outgrowths on the seed crystals that, in
turn, break off into separate crystals. This secondary nucle-
ation [42] can occur in apatite precipitation reactions when
solution supersaturation is increased [17]. Since F- readily
coprecipitated in our reactions, suggesting fluorapatite for-
mation, the high residual F- concentration at F/Ca4 0.07
(20× greater than at the lower F/Ca ratios studied) (Table 2)
could account for the shift to secondary nucleation in this
case by contributing significantly to the supersaturated state

of the reaction milieu. The finding that F- decreased the time
to reach the reaction endpoint (Fig. 2) is consistent with an
increase in supersaturation [17].

Suppressed growth of the seed crystals in favor of new
crystal formation was found to be even more marked in
carbonate-containing reactions where mean increases in
both length and width/thickness were only about 20% of
that observed in the absence of this anion. This interference
of carbonate with crystal growth has also been observed by
others [28, 29, 35, 43, 44]. The observed increase in accre-
tion rate with time in these reactions, as noted in Figure 1 by
a positive divergence from linearity toward the end of the
reaction, was also indicative of a proliferative mode of ac-
cretion. Although carbonate incorporation likely decreased
the solubility of the accreted apatite [45], the initial slowing
of the reaction compared with the noncarbonated control
(Fig. 1) suggests that increased supersaturation may not
have been a major factor in promoting the crystal prolifera-
tion in this case. On the other hand, the carbonate anions
may have altered the crystal surfaces in ways that more
directly favored the nucleation of readily detachable out-
growths.

The 1/HW data clearly show that F-, as well as Mg2+,
partially reversed the carbonate effect and shifted the mixed
pattern of proliferation and growth more toward the latter
mode. Most noticeable was an increase in the mean value
for width/thickness. In contrast, these ions had no stimula-
tory effect on growth in length. F- possibly stabilized pref-
erentially the lateral growth faces against aberrant out-
growths thereby promoted the more orderly growth of new
accretion layers on these faces by substituting for disruptive
carbonate anions at OH− sites in the apatite lattice. Why this
substitution did not also promote growth in length is un-
clear, but even in the absence of carbonate where primary
seed growth predominated, the same level of F- used (F/Ca
4 0.015) resulted in a propensity for increasing 1/HW
(310) values at the possible expense of 1/HW (002) values
(Table 4).

Although Mg2+ behaved in a similar manner to F- in
promoting anisotropic growth, it had to act through a dif-

Table 4. Effect of F- on the reciprocals of the half-widths (/° 2u) of the 002 and 310 X-ray
diffraction peaks of apatite grown in 1.33 mmol/liter Ca2+, 1.0 mmol/liter tPO4, pH 7.4
solutions in the presence of 0 or 26 mmol/liter NaHCO3

002 310

1/HW Growth(%) 1/HW Growth(%)

Seeds 2.192 ± 0.012(2)a — 0.604 ± 0.018(2)a —
Carbonate (KNO3)

F/Ca4 0 2.356 ± 0.029(6)b,d 7.5 0.686 ± 0.044(6)b,d 13.6
F/Ca4 0.015 2.336 ± 0.049(7) 6.6 0.822 ± 0.027(7) 36.1

(P 4 0.401) (P 4 0.0001)
Carbonate (NaCl)c

F/Ca4 0 2.378 ± 0.013(3) 8.5 0.749 ± 0.027(3) 24.0
F/Ca4 0.015 2.386 ± 0.016(2) 8.8 0.894 ± 0.050(2) 48.0

(P 4 0.578) (P 4 0.022)
No carbonate (KNO3)

F/Ca4 0 2.990 ± 0.065(3) 36.4 1.077 ± 0.029(3) 78.3
F/Ca4 0.015 2.886 ± 0.025(3) 31.7 1.177 ± 0.019(3) 94.9

(P 4 0.061) (P 4 0.007)
a,bMean ± SD, values in ( )4 number of seed preparationsa or experimentsb
c NaCl substituted for KNO3 as the background electrolyte
d All experimental means were significantly different from seed values (P < 0.05)

Table 5. Effect of F- on apatite seed growth in 1.33 mmol/liter
Ca2+, 1.0 mmol/liter tPO4, pH 7.4 solutions in the presence of 26
mmol/liter NaHCO3 and 0.8 mmol/liter MgCl2

a

Percent growthb

002 310

no Mg2+, no F- 0.93 ± 1.23(4)c,d 10.46 ± 2.57(4)f

Mg2+, no F- 0.29 ± 0.28(3)e 18.64 ± 3.60(3)f

Mg2+, F- 3.75 ± 1.26(3)d,e 29.25 ± 3.50(3)f

a Reaction terminated when mass of new accretions became equal
to the initial seed mass
b Percent increase in 1/HW compared with seed value
c Mean ± SD, numbers in ( ) represent number of experiments
d,e,fMean values designated with the same superscript letter are
statistically different (P < 0.05)
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ferent mechanism as this cation did not readily incorporate
into the new accretions. Different mechanisms for the an-
isotropy was also evident from the contrasting effect these
ions had on reaction kinetics. As observed by others [46–
49], Mg2+ inhibited rather than enhanced the precipitation
rate. Perhaps the slowdown in accretion, which probably
resulted from Mg2+ interfering with Ca2+ ion incorporation
at surface growth sites, reduced the interfacial instability
that lead to outgrowths by allowing for the more orderly
incorporation of other constituent ions into the lattice struc-
ture.

The size, shape, and arrangement of the apatite crystals
in bone are major determinants in establishing its biome-
chanical properties. Alterations in these textural properties
of bone apatite could contribute to the deleterious clinical
features of such skeletal disorders as osteogenesis imper-
fecta [50]. The extracellular matrix, especially the fibrous
collagenous network, appears to play an important organi-
zational role in establishing the manner in which the crystals
are arranged in this tissue as well as in placing some spatial
constraints on their size and shape [51]. On the other hand,
comparatively less is known about the influence of tissue
fluid factors on apatite texturein vivo. The findings from
this study suggest, however, that carbonate, and F- when
present, can be important fluid factors in this regard. In
particular, our finding that carbonate was the primary reason
why apatite formation in our physiologic-like aqueous so-
lutions occurred by a proliferative mechanism suggests that
this anion could be a significant factor in controlling the size
of apatite crystals in skeletal tissues. Also, the finding that
F- altered mineral texture in synthetic milieus in a manner
similar to that seen in bone [13, 14] and at concentrations
(∼1 mmol/liter–2 mmol/liter) comparable to plasma levels
[52] suggests that this anion selectively stimulates growthin
vivo primarily by physicochemically interacting directly
with the lateral faces of the growing bioapatite crystals and
that cellular and physiologic F- effects [52, 53] play, at
most, a secondary role in this process.
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